In this paper, an improved hysteretic PWM control with feed-forward and feedback for the buck converter is presented. The proposed control method is based on hysteretic control of capacitor C voltage, which not only offers faster transient response to meet the challenges of the power supply requirements of fast dynamic input and load changes, but also provides better stability and solves the compensation problem of the error amplifier in the conversional voltage PWM control. Finally, the steady-state operation of the control method is analyzed and verified by the simulation and experimental results.
Introduction
Recently, the switching converters have been widely applied to electronic equipments to regulate the output voltage against the changes of the input voltage and load current. However, for the popular PWM control buck converter operating in continuous conduction mode (CCM), a complicated compensation network is needed to ensure their stable operation due to the existence of the complex poles in the loop gain transfer function [1] . And a phase compensation technique is necessary in the feedback circuit to improve the system dynamic performance and compensate the effect of phase lag in the operational amplifier [2, 3] .
It is known that hysteretic control has a fast transient response, the feedback delay of the control signal can be reduced to render fast response [4] , and regulate the output voltage in response to step changes of loading current. It might take only one switching cycle to complete the same load transient response [2, 3, 5] . So far, the hysteretic control is considered as the simplest and fastest control method. It does not require the closed loop compensation network and results in low component count and small size in implementation, and it does not need massive external compensation components and has the advantage for on-chip applications.
An improved hysteretic PWM control method using a triangle waveform modulated by output voltage feedback and input voltage feed-forward was proposed. The proposed control method only uses a comparator with hysteresis, a feedback resistor, and a feed-forward resistor. Thus, numbers of components in a control circuit are obviously reduced. In addition, due to the error amplifier is not be used, the stability of the converter will become better. Especially, when the input voltage is be changed, it has a smaller peak value and fast regulation speed than the referenced control method [5] .
The operations of the control method are described in Section 2, The steady-state of the proposed converter is analyzed in Section 3, and the fast transient response and good regulation were verified by the experiment and PSIM simulation in Section 4. 
Operating principles
The configuration of a buck converter with synchronous rectifier employing the proposed control method is shown in Fig. 1 . The control circuit consists of a comparator U with hysteresis, a feedback resistor R f and a feed-forward resistor R. The key and simulation waveforms of the comparator U in one switching cycle are shown in Fig. 2 (a) and (b) , respectively. The output voltage is returned to the capacitor C for the triangular wave generator through R f . V 1 is connected to C through R and proportion control coefficient K. V 1 is also returned to the comparator U through R 2 and K. The control circuit operates as follows. When the output voltage or input voltage becomes large, the charging current of the capacitor C at on mode period increases and the discharging current of the capacitor C at off mode period decreases. Thus, the on time duration of the pulse decreases, and the off time duration increases. Also, while the input voltage V i becomes large, the threshold voltage levels V H of the comparator U becomes large. Thus, the change of input voltage can directly have effect on the threshold voltage V H to rapidly regulate the duty cycle, not through the output voltage change caused by the input voltage. Therefore, switching duty was changed, and the output voltage can be regulated quickly. 
Steady state analysis
To simplify the analysis, all circuit elements are assumed to be ideal. In Fig. 1 , V f is the voltage across capacitor C, V L and V H are threshold levels of the comparator U , V U is the output voltage of the comparator U . The switching cycle starts at the instant t = 0: ( I ) State 1: 0 < t < T ON When V U is high level, the following equation is obtained:
next equation is obtained:
Where,
( II ) State 2: T ON < t < T S When V U is low level, the following equation is obtained:
Solving the above equation under the initial condition of V f (T ON ) = V H , we have:
Since, the switching frequency is f s = 1/T s , the output voltage is obtained:
Simulation and experimental results
To verify the proposed control method, The design parameters of the laboratory prototype are given in Table I . Fig. 3 (a) shows the relation of the output current and output voltage, R f is 0.6 kΩ and V ref is 1.5 V. As can be seen from Fig. 3 (a) , the variations of the output voltage are very small. The simulation value of output voltage are in good agreement with the experimental value. Fig. 3 (b) shows the relation of the input voltage and output voltage. We can find the variation of the output voltage is very small even when the input voltage varies significantly. Fig. 4 (a) and Fig. 4 (b) show the transient response of the proposed controller and the referenced controller undergoing 8 V to 5 V and 5 V to 8 V input voltage step change. As can be seen that the proposed controller has a smaller peak value and a fast transient recovery time than the referenced controller. Fig. 5 (a) and Fig. 5 (b) show the transient response of the proposed controller and the referenced controller undergoing 5 A to 2.5 A and 5 A to 2.5 A load current step change. It can be seen that steady-state error is improved to be very small and the employment of the proposed controller reduces the peak value of the output voltage. Table I . Design parameters of the laboratory prototype.
Conclusion
An improved hysteretic control method with voltage feed-forward and feedback has been proposed and analyzed in this paper. The proposed control method achieves good regulation and transient response in a buck converter for input voltage and load current transients to meet the increasing challenge of the fast transient recovery requirement of dc-dc converters.
